Designing a drying process for porous type fabrics using traditional linear heat transfer models may be inefficiency because the drying characteristics in the process are usually nonlinear. Using nonlinear approaches to describe the heat/mass flow could be better for many industrial application cases. The paper as presented here is a study for an analytical model using differential form nonlinear equations to describe heat transfer and moisture diffusion process using air as the processing medium. Experimental findings were used to evaluate the performance of the studied model. Relationships between the model parameters and fabric physical properties were determined for further used in the design of drying equipment.
Introduction
The use of convective heat transfer principles [1, 2] to define the performance of a drying process is more frequently than heat conduction and radiation theories, particularly for the descriptions of textile material drying characteristics. In many kinds of textile materials, porous type fabrics are typical samples to be studied intensively in this study. In this drying process research, air is the processing medium. While the moisture content (liquid phase) in the fabric absorbs heat from hot air stream, it will change to vapour (gas phase) after gaining enough of heat energy and leaves the fabric gradually. The reducing of moisture content and increasing of fabric temperature is a complicated heat/mass transfer process. Kowalski [3] has discussed the characteristics of such drying process. It can be divided into three periods and labeled as "Preheating period", "Constant drying period" and the "Falling drying period" as shown in Figure 1 . In the preheating period, thermal energy transferred to fabric is little due to air is not a good thermal conductor. Thus, the moisture content (θ) reduction rate in this period is usually small. While more thermal energy is absorbed, the moisture started from θ s on the fabric surface changes to vapour by evaporation. The moisture content reduction keeps at a constant rate at this period, and the rate depends upon air temperature, air velocity and atmospheric pressure. Because of the process has a linear moisture reduction relationship with time, it can be modeled by linear heat transfer models that have been well developed in thermodynamic applications [4] . While the moisture content left on the fabric reaches to a certain percentage at θ k , the residual moisture on fabric surface starts to separate and form many dry/wet regions. Due to the present of dry/wet regions, diffusion between the dry and wet regions starts to form mass transfer process [5] . Diffusion is a slow process in comparison with moisture evaporation, thus, a nonlinear drying rate is observed after the transition occurred at θ k to form the period of falling drying until to reach the final moisture content (θ o ).
A number of conjugated heat transfer models have been well developed to describe the drying characteristics undergo a linear relationship. However, nonlinear partial differential equations and computational fluid dynamics (CFD) approaches can be considered to give a full presentation of the entire drying cycle involving the constant and failing drying characteristics. The aim of the paper is to address a nonlinear heat/mass transfer models used for the modeling of porous type fabric drying process, and also discusses their performance in the predication of drying cycle time. The calculation results from the models are also used to compare finding from experimental studies. The involved property parameters in the drying model will be identified from the tested fabric types, and their relationship to fabric density, air temperature and air velocity.
Models of Heat Transfer in Drying Process
Modeling of fabric drying by hot air stream can be in a form of fluid flow with predefined boundary conditions. Moisture in the fabric gains lateral heat from the hot air stream at constant pressure, and changes to vapour phase until the amount of energy gain is sufficient enough for changing of the phase from liquid to gas. Diffusion of moisture from wet to dry regions starts when certain amount of moisture left from the fabric to form an uneven distribution of the moisture content. Heat exchange characteristics between hot air stream and moisture may not precisely be described in the fabric drying process because the involving of the change of moisture content mass. Thus, it is necessary to study nonlinear models that consider the change of moisture mass in a heat transfer process.Most of nonlinear analytical equations used for the modeling of fabric drying process are in differential form to describe the rate of change of moisture contents (dθ/dt) from the fabric substrates. Although the studied fabrics are all porous types that contain unidirectional porous across the fabric, the voids/pores are treated as randomly distributed microstructure on the fabric surface to form the characteristic fabric matrix. Before the determination of the fabric drying rate using a nonlinear model, the critical moisture content (θ k ) at the starting of the failing drying period should be predetermined, and further used to calculate drying rate constants in the nonlinear drying period. The finding of θ k can be given from a plotting of normalized drying rate versus moisture content in gram per gram of the fabric through experiments.
The detection of θ k of a fabric is given by where the starting of a sharp decreasing of the normalized drying rate. As illustrated in Figure 2 , θ k of the tested fabric sample under the condition of air temperature at 86.5 °C and velocity at 1.43 m/s is about 0.8 g/g. While θ k has been empirically determined, drying principles can be applied to predicate the drying rate at the falling drying period. A nonlinear drying model, namely "First order kinetic" will be described and used to predicate the drying characteristics in the falling drying period of a group of six fabric samples as listed in Table 1 . The model principle of the First order kinetic is an assumption that vaporization of bounded water is a dominating factor affecting the moisture removal rate at the falling rate period. The process of water vaporization is correlated with moisture content and a kinetic constant (k). The model equation is given as: 
In Eq. (1), M is the instant moisture content and n=1 for the first order. If M o is the initial moisture content at the beginning of falling drying period, i.e. critical moisture content (θ k ), the integration of the differential form Eq. (1) will give: where M o is the initial moisture content, and the same as θ k in Figure 2 .
The testing records of the fabric sample as shown in Figure 2 under the same drying conditions are further plotted in Figure 3 . In the figure, the red line is the fabric drying curve and the dotted line represents the drying rate at the constant drying rate period. The kinetic constant (k) at the falling drying period for the fabric sample is necessary to be determined by regenerating a new plotting from the results as illustrated in Figure 3 In Figure 4 , the slope of the fitted line is 0.5076. Thus, the kinetic constant (k) for the tested fabric sample is the slope of the line. An alternative method to determine the kinetic constant (k) is to modify Eq. (1) using Arrhenius relationship [6] . The new form of the equation in terms of k and A is:
where E a is the activation energy and R is the universal gas constant at 8.314x10 -3 kJ/mol K.
Equation (3) gives relationship of kinetic constant (k) in term of air temperature (T) only, and does not include the air flow velocity (V). However, V is also a key factor in a drying process that could be empirically determined using Linear regression methods. The regression equation for the calculation of k from the Arrhenius relationship as shown in Eq. (4) is given by taking natural algorithm of Eq. 
A in the Arrhenius equation means reaction per time, and is referred to air velocity in the drying model. Thus, the First order kinetic model in Arrhenius form can be written in terms of T and V as:
While the drying rate in the falling period obeys the Arrhenius relationship, a plot of ln k versus 1/T will give a straight line whose slope and intercept can be used to determine the correlation constants of E a and b as given in Eq. (4) and (5) . The kinetic constant (k) of the fabric sample A calculated from Eq. (2) under the eight air conditions are listed in Table 2 , and the corresponding values of ln k, 1/T and ln V in Eq. 5 are shown in Table 3 . Figure 5 shows a normal plotting of k versus T for the tested air conditions listed in Table 2 . Figure  6 illustrates a plotting of ln k versus 1/T from data given in Table 3 . Results from Figure 6 can be used to determine activation energy (E a ) and A as given in Eq. (4). (for Fig. 6 ).
Experimental results as listed in Table 3 can be further used to determine the coefficients of a, b and c as given in Eq. 5 by linear regression method. The regression results for fabric sample A as listed in Table 1 and shown in Fig. 2 is given in Fig. 7 , and the regression model equation is given as:
, where a = 5.535, b = -1974.7 and c = -1.521. Regression results for all the fabric samples are listed in Table 4 . A comparison of differences of k determined from Arrhenius equation and regression model for fabric sample A is listed in Table 5 . Information provided in the table illustrates a comparison of results from Arrhenius equation and regression model to the experimentally determined k given in Table 2 . Table 2 .
SUMMARY OUTPUT

Regression Statistics
It is clear that deviations from regression model (6.333%) are less than from Arrhenius equation (15.53%) as given in Table 2 for fabric sample A. The drying curve (red) illustrated in Figure 8 shows the modeling results in the falling drying period starting at M o equals to 0.8 g/g under an average k=0.5037 obtained from Table 5 . The modeling results using the regression equation show discrepancies from the experimental records (blue curve). Average of the discrepancies is 14.0139% and standard deviation is 7.8028%.
Discussion and Conclusion
It is clear that the studied drying model is used to predicate the nonlinear drying characteristics of fabric samples in the falling drying period. The First order kinetic model uses an exponential function to approximate the actual falling drying process. A value k is used to describe drying characteristics of fabrics under various heat/mass transfer processes. The kinetic constant k is a numerically determined quantity from the regression model using air temperature and velocity as input parameters. It is in term of fabric thickness and also depends upon air temperature and velocity. Table  6 lists the determined k values from the model for all fabric samples. The trend lines for kinetic constant (k) of the six fabric samples in terms of density and thickness are illustrated in Figure 9 . An observation is found that k decreases with increasing of fabric density and thickness. The study on behavior of k in terms of fabric density and thickness has considered various combinations of air temperature and velocity. Materials of the tested fabric samples are cotton and woven, they have different porous size. Research work on implementing the studied analytical models into the control of cycle time for heat setting of knitted fabric has been commenced under sponsorship from an international textile machinery design and manufacturing company. A more accurate process control in fabric drying process is expected to be successful developed, and benefits the related industry in the near future. 
